The effects of radiation on living animals are caused by two different mechanisms, i.e., direct and indirect effects. The direct effect is mainly DNA strands breaks, and the indirect effect is oxidative damage mediated by reactive oxygen species (ROS). Various ROS, such as hydroxyl radical ( · OH), superoxide ( · O 2 Ϫ ), and hydrogen peroxide (H 2 O 2 ), were produced by ionizing radiation in living animals. It has been assumed that the generation of · OH, hydrated electrons, and hydrogen radicals could be attributed to the ionization of water, and that · O 2 Ϫ and H 2 O 2 are formed by reacting with dissolved oxygen. Around 70% of the radiation effects on living organisms are based on indirect effects. It is well known that the lethal effect of X-rays on mammalian cells under aerobic conditions is higher than under anaerobic conditions, the so-called oxygen effect of radiation; therefore, the detection and quantification of oxygen-mediated free radical reactions is quite important to estimate the biological efficiency of radiation.
Nitroxyl radicals underwent one electron reduction by reactions with oxidoreductases in mitochondria and microsomes, 3, 4) antioxidants, 5, 6) and other free radical species 7, 8) in a living body. The nitroxyl radicals lost their paramagnetism by one electron reduction and were mainly converted to the corresponding diamagnetic hydroxylamines. 9, 10) When a living body was exposed to oxidative stress of · O 2 Ϫ and/or · OH, the in vivo EPR signal decay rate of the nitroxyl radicals increased. 11, 12) A common oxidative stress producing such ROS is ionizing radiation. The b-ray irradiation can significantly decrease the EPR signal of a nitroxyl radical in a solution containing glutathione (GSH). 13) The in vivo decay rate of a nitroxyl radical in the rat bile flow significantly increased by b-ray irradiation to the liver. 13) The chemical reduction process of nitroxyl radicals by ROS was moved by two steps. First, the nitroxyl radicals are oxidized to oxoammonium cation by · O 2 Ϫ and/or · OH. Next, oxoammonium cations are reduced to hydroxylamine by receiving a hydrogen atom from hydrogen donors (H-donors), such as reduced GSH, reduced b-nicotinamide adenine dinucleotide (NADH) and reduced b-nicotinamide adenine dinucleotide phosphate (NADPH). Overall, the nitroxyl radicals undergo one-electron reduction by a reaction with · O 2 Then, 10 ml of 300 mM solution (in phosphate buffer) of a nitroxyl radical (TEMPOL or CmP) was added to the solution. The reaction mixture was shaded from light and kept on ice. EPR Measurement One hundred microliters of the reaction mixture were drawn up into PTFE tubing (i.d. 0.32Ϯ0.001 inches, wall 0.002Ϯ0.0005 inches; ZEUS, Orangeburg, SC), placed in the TE mode cavity using a special sample holder, and measured by an X-band EPR spectrometer (JEOL, Tokyo Japan). The center peak of the triplet EPR lines of the nitroxyl radical was recorded under the following conditions: microwave frequency: 9.45 GHz, microwave power: 2 mW, lower magnetic field: 336.1 mT, field sweep width: 1.25 mT, field sweep resolution: 1024 points, sweep time: 7.5 s, time constant: 0.01 s, field modulation frequency: 100 kHz, and field modulation width: 0.063 mT. EPR data acquisition was controlled by the WIN-RAD ESR Data Analyzer System (Radical Research, Inc., Hino, Tokyo). The acquired EPR spectra were analyzed using an in-house line fitting program, and the Gaussian line shape was fitted. The signal height and line width of the fitted Gaussian line were measured and then EPR signal intensity was obtained by (signal height)ϫ(line width) 2 .
Detection of Free Radical Reactions in an Aqueous Sample Induced by Low Linear-Energy-Transfer Irradiation
14)
X-Ray Irradiation X-Ray irradiation was performed using PANTAK 320 (Shimadzu, Kyoto, Japan). Effective energy was 80 keV under the following conditions: X-ray tube voltage was 200 kV, X-ray tube current was 20 mA, and the thickness and materials of the pre-filter were 0.5 mm copper and 0.5 mm aluminum. Dose rate of X-ray irradiation was 3.6 Gy/min when the distance between the X-ray tube and the sample was 30 cm. g g-Ray Irradiation g-Ray irradiation was performed using a 60 Co g-irradiation facility (NIRS, Japan). MeV, respectively. The current radioactivity of the source was 33.6 kBq. The roughly calculated dose rate was 5.3 mGy/h when the sample was touched on the surface of the film covering the b source. The b-ray irradiation was carried out for 72 h on ice (the total dose was 377 mGy).
Statistical Analysis Statistical differences were estimated using the TTEST function in Microsoft Excel XP. Suitable 'tail' and 'type' for the TTEST function were selected as follows. The 'tail' was 2 (two-tailed distribution) for stability tests because the difference between the two data groups was compared simply. The 'type' was 2 (equal variance) or 3 (unequal variance), which was selected according to data variances, and Student's or Welch's t-test analysis was performed according to the 'type', respectively. Grades of significance were estimated by pϽ0.05, pϽ0.01, and pϽ0.001. Figure 1 shows a comparison of the effect of several hydrogen donors, i.e., GSH, NADH, or NADPH, on the reduction of TEMPOL and CmP after 16 Gy X-ray irradiation. When the reaction mixture did not contain any hydrogen donors, EPR signal intensity of TEMPOL and CmP was not decreased with 16 Gy X-ray irradiation. When a hydrogen donor coexisted in the solution, however, EPR signal intensity of TEMPOL and CmP was significantly decreased after 16 Gy X-ray irradiation (significance between irradiated and non-irradiated samples was indicated in Fig. 1 ). GSH showed a significantly larger effect than other H-donors on the reduction of both TEMPOL (significance between GSH and other H-donors was pϽ0.001 for both NADH and NADPH) and CmP (significance between GSH and other H-donors was pϽ0.001 for NADH and pϽ0.01 for NADPH). The effect of NADH and NADPH on the reduction of both nitroxyl radicals was mostly the same.
RESULTS AND DISCUSSION
An aliquot of a 0.1 mM solution of TEMPOL and CmP showed similar EPR signal intensity when EPR signal intensities were estimated by (signal height)ϫ(line width) 2 .
14) It is unsurprising that an identical volume of an identical concentration of TEMPOL and CmP solutions has an identical spin amount. Data sampling using PTFE tubing improved the reproducibility of the sample volume and positioning, data analysis using line fitting decreased the effect of noise, and then totally quantification of the measurement ability was improved; therefore, the EPR signal intensities of TEMPOL and CmP could be directly compared in this study. In the reaction mixture with GSH, decreasing EPR signal intensity of TEMPOL was significantly (pϽ0.001) larger than CmP. Figure 2 shows the stability of the EPR signal intensity of TEMPOL and CmP in the reaction mixture containing 1 mM GSH when the samples were not irradiated. The EPR signal intensities of TEMPOL and CmP in the reaction mixture kept on ice were stable for more than 24 h (circles and triangles in Figs. 2A, B) , while the EPR signal intensities of TEMPOL and CmP in the reaction mixture kept at room temperature began to decrease over time (squares and diamonds in Figs. 2A, B) . This decrease of EPR signal intensities could not be stopped completely when the reaction mixtures were kept at 4°C (data not shown). Room light did not affect the stability of nitroxyl radicals in the reaction mixture containing GSH. Figure 3 shows the stability of TEMPOL and CmP in the reaction mixture containing 1 mM NADH or NADPH. The EPR signal intensities of TEMPOL and CmP in those reaction mixtures were almost stable for 24 h after preparation, either when reaction mixtures were kept on ice or at room temperature. Room light also did not affect the stability of nitroxyl radicals in the reaction mixture containing NAD(P)H (data not shown). Figure 4 shows the stability of EPR signal intensities of TEMPOL and CmP when reaction mixtures were incubated in boiled water. No signal loss of nitroxyl radicals was obtained by heating with NAD(P)H in boiled water. The reaction of nitroxyl radicals and GSH was accelerated by heating the reaction mixture. Exaggeration of the reaction with GSH by heating was larger for TEMPOL than for CmP. Figure 5 shows another reactivity and stability test for the reaction mixture containing GSH. Fresh reaction mixtures and reaction mixtures kept on ice for 24 h were irradiated by X-ray at a dose of 16 Gy, and measured by X-band EPR. The irradiated reaction mixtures were again kept on ice for 6 h and measured with X-band EPR. The reaction mixture prepared 24 h before irradiation showed EPR signal decay similar to the fresh reaction mixture. Although EPR signal intensities 6 h after irradiation significantly decreased compared with immediately after irradiation, the differences were small (5-10% during 6 h) when the reaction mixture was kept on ice. Figure 6 shows the results of the same reactivity test as Fig. 5 except that the reaction mixture contained NAD(P)H. Both the fresh reaction mixtures and the reaction mixtures prepared 24 h before irradiation showed a significant decrease of EPR signal intensity after 16 Gy X-ray irradiation. The fresh reaction mixture containing NADPH showed recovery of EPR signal intensity 6 h after irradiation for both TEMPOL (not significant) and CmP (pϽ0.05). Other trends 544 Vol. 32, No. 4 appeared similar to the reaction with GSH, but the magnitude of effects was smaller than with GSH. Figure 7 shows the effect of a chemical oxidant, i.e., Fe 3ϩ , on the reaction mixtures. Fe 3ϩ , K 3 Fe(CN) 6 in most cases, has usually been used to re-oxidize hydroxylamine to the corresponding nitroxyl radical. In this experiment, however, Fe 3ϩ was used to oxidize the nitroxyl radical to oxoammonium cation, so that an H-donor might reduce them to the corresponding hydroxylamines. The time course of EPR signal intensity in the reaction mixture was observed when 2 ml of 200 mM K 3 Fe(CN) 6 was added to 200 ml of the reaction mixture (final concentration of K 3 Fe(CN) 6 must be Ϸ2 mM). When Fe 3ϩ was added to reaction mixtures including GSH, EPR signal intensity decreased immediately and almost disappeared 30 min after the addition of Fe 3ϩ (Fig. 7A ). Nitroxyl radicals might be oxidized to the corresponding oxoammonium cation by Fe 3ϩ , and then reduced to the hydroxylamines and/or other species by a reaction with GSH. In reaction mixtures including NAD(P)H, however, EPR signal intensity first decreased and then gradually recovered (Figs. 7B, C) . In this case, nitroxyl radicals were oxidized to the corresponding oxoammonium cation by Fe 3ϩ , and then mainly reduced to hydroxylamines. Hydroxylamines could be re-oxidized to the corresponding nitroxyl radicals by the remaining Fe 3ϩ after consumption of NAD(P)H; therefore, the reaction of NAD(P)H and nitroxyl radicals probably resulted in the one-electron reduction of nitroxyl radical to the corresponding hydroxylamine, which is a two-step reaction via oxoammonium cation. On the other hand, oxoammonium cation and GSH may not cause hydroxylamine, which can Reaction mixtures containing (A) TEMPOLϩGSH and (B) CmPϩGSH were irradiated by X-ray with a dose of 16 Gy, immediately after preparation or 24 h after preparation. Irradiated samples were measured twice, immediately after irradiation and 6 h after irradiation. Columns and error bars indicate the averageϮS.D. of 3 samples. Open and striped columns indicate fresh reaction mixture and the reaction mixture prepared 24 h before irradiation, respectively. * , * Ј , and * * indicate significance compared with the corresponding non-irradiated sample as pϽ0.05, pϽ0.01, and pϽ0.001, respectively. #, # Ј , and ## indicate significance between after irradiation and 6 h after irradiation as pϽ0.05, pϽ0.01, and pϽ0.001, respectively.
Fig. 6. Comparison of Fresh Reaction Mixture and the Reaction Mixture Prepared 24 h before Irradiation
Reaction mixtures containing (A) TEMPOLϩNADH, (B) CmPϩNADH, (C) TEM-POLϩNADPH, and (D) CmPϩNADPH were irradiated by X-ray at a dose of 16 Gy, immediately after preparation or 24 h after preparation. Irradiated samples were measured twice, immediately after irradiation and 6 h after irradiation. Columns and error bars indicate the averageϮS.D. of 3 samples. Open and striped columns indicate fresh reaction mixture and the reaction mixture prepared 24 h before irradiation, respectively. * , * Ј , and * * indicate significance compared with the corresponding non-irradiated sample as pϽ0.05, pϽ0.01, and pϽ0.001, respectively. #, # Ј , and ## indicate significance between after irradiation and 6 h after irradiation as pϽ0.05, pϽ0.01, and pϽ0.001, respectively. $, $ Ј , and $$ indicate significance between fresh reaction mixture and the reaction mixture prepared 24 h before as pϽ0.05, pϽ0.01, and pϽ0.001, respectively. easily be re-oxidized to nitroxyl radical by Fe 3ϩ . The stable complex might have been caused by another irreversible reaction of oxoammonium cation and GSH; however, this irreversible reaction fortunately fixed the reaction to make it quantitative.
Overall, the trends of the observed effects appeared similar between TEMPOL and CmP, but the magnitude of the effects was larger for TEMPOL than for CmP. Bubbling O 2 gas into the reaction mixture after heating, X-ray irradiation, or the addition of K 3 Fe(CN) 6 did not show any recovery of EPR signal intensity (data not shown). The reaction of nitroxyl radicals and GSH was sufficiently slow when the reaction mixture was kept in ice. In addition, the oxidized form of glutathione (GSSG) did not give any EPR signal loss using the experimental conditions above (data not shown). The irreversible reaction of nitroxyl radicals and GSH can be an advantage to quantify the amount of free radical reactions. The combination of TEMPOL and GSH was therefore used for the experiments below.
The amount of EPR signal decay of TEMPOL linearly depends on the dose of X-ray under the existing GSH. 15) The molecular amount of reducing TEMPOL per dose (mmol/l/Gy) was almost constant under identical irradiation conditions, even if the concentration ratio of [nitroxyl radical]/[GSH] was changed. 15) This suggests that the dosedependent ionization of water in the reaction mixture can initiate this reaction between nitroxyl radical and GSH.
Temperature dependence of the reaction of nitroxyl radical and GSH was observed in this paper; therefore, the reaction mixture should be kept in ice. In this paper, b-ray irradiation was performed on ice; however, the samples were taken from the ice for X-ray and g-ray irradiation, which took 5 min. The reaction at room temperature was sufficiently slow (Fig.  2) to ignore the temperature effect during irradiation in this experiment. Assessment of the temperature dependence of free radical generation in the irradiated sample is still in progress. Figure 8 shows the reduction of TEMPOL in the reaction mixture by unfiltered X-ray, g-ray, and b-ray. EPR signal intensity of TEMPOL was significantly reduced by unfiltered X-ray, g-ray, and b-ray. Since the b-ray radiation source was very weak (1/40000) compared with others, a similar 16 Gy dose was difficult to obtain for the b-ray irradiation experiment. The decrease of the EPR signal by b-ray was not compared directly with others. When the reduction of nitroxyl radicals per radiation dose was calculated (Table 1) , it seemed to increase with radiation energy; however, the exact relation of the amount of free radical formation in the aqueous sample to radiation energy is currently being assessed, and should be compared among different energies in an identical radiation series. Another possibility is that the amount of free radical formation in the aqueous sample depended on the LET. Our previous work, which used this reaction system, showed LETdependent free radical formation of heavy-ion (carbon) beam irradiation. 15) For 290 MeV carbon beam irradiation, which was performed using several LETs (15-90 keV/mm), the amount of free radical generation decreased depending on the LET increase. Free radical reactions caused by a 290 MeV carbon beam at LETϭ15 keV/mm were 2/3 of Xray (E eff ϭ80 keV) when the same dose was given. LET of Xray, g-ray from 60 Co, and b-ray (1 MeV electron) were expected to be around 2, 0.2, and 0.2 keV/mm, respectively.
In the b-ray irradiation experiment in this paper, which was performed with a dose rate of 5.3 mGy/h, the amount of reducing CmP per dose was 2.2 mmol/l/Gy, while, in another b-ray experiment, in which the calculated dose rate was 250 mGy/h, the amount of reducing CmP per dose was 33 mmol/l/Gy.
13) Therefore, it is strongly suspected that the dose rate can have a large effect on free radical formation in the sample. The doses used in those b-ray experiments were, however, about 1/40000 or 1/850 of the dose used in X-or gray experiments in this paper. The results should not be compared with such a small dose of b-ray with the X-or g-ray experiments in this paper. The effect of the dose rate should be clearly compared using an identical irradiation source under suitable temperature control.
It was found that the presence of an H-donor, such as GSH or NAD(P)H, was indispensable to detect the reduction of nitroxyl radicals by low-dose irradiation. The reaction of GSH and nitroxyl radicals may have another irreversible reaction. The combination of TEMPOL and GSH was preferable for quantitative detection of the free radical reaction caused by radiation in this paper, because of the sensitivity and the irreversible reaction. The amount of free radical formation in the aqueous sample irradiated by low LET irradiation was roughly a similar level (1.5-4.5 mmol/l/Gy) when an identical dose was irradiated. More details of the relation of the amount of free radical formation in the aqueous sample to the radiation energy, dose rate, and/or LET should be compared for each radiation series, i.e., X-ray, g-ray b-ray, or heavy-ion beams.
